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MinireviewCurbing the Excesses of Youth:
Molecular Insights
into Axonal Pruning
cortical neurons to their subcortical targets (O’Leary
et al., 1990) (Figure 1A). In the mature cortex, layer 5
pyramidal cells in motor areas project axons to the spinal
cord but not to the superior colliculus, while layer 5
neurons in the visual cortex project axons to the superior
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colliculus but not to the spinal cord. During develop-
ment, however, layer 5 pyramidal neurons from both
motor and visual areas develop an exuberant set ofThe embryonic nervous system is refined over the
subcortical connections that are nearly identical, withcourse of development as a result of the twin pro-
each area sending intermingling axon branches to thecesses of naturally occurring cell death and selective
spinal cord and the superior colliculus. These intermin-axon pruning. Recent studies provide new insights into
gling connections are eventually segregated postnatallythe molecular events that underlie axon pruning and
when layer 5 motor cortex neurons selectively pruneunderscore the diversity of refinement processes em-
their branches to the superior colliculus and layer 5ployed by the nervous system during development.
visual cortex neurons selectively prune their branches
to the spinal cord. There is evidence to indicate thatThe fidelity with which adult neurons are connected to
the proper pruning of layer 5 axons is transcriptionallytheir postsynaptic partners belies a time of far less dis-
regulated. The homeodomain transcription factor Otx1cretion during their younger days. Adult patterns of neu-
has been shown to translocate to the nucleus of layerronal connectivity develop from a transient embryonic
5 neurons just prior to the onset of pruning, and Otx1template characterized by exuberant projections to both
null mice display profound defects in pruning of layer 5appropriate and inappropriate target regions. It is clear
projections (Weimann et al., 1999).from the examination of different neuronal populations
Pruning events at the neuromuscular junction mayin both vertebrates and invertebrates that the initial ver-
provide mechanistic insights into how this type of segre-sion of the nervous system is a rough approximation
gation could occur (Lichtman and Colman, 2000). Indi-requiring significant remodeling before the mature pat-
vidual muscle fibers are initially contacted by manytern is achieved. Now, a study from the Luo lab in this
motorneurons, resulting in a highly overlapping patternissue of Neuron (Watts et al., 2003) and another by Tes-
of innervation. Eventually, as a result of synaptic compe-sier-Lavigne and colleagues published in Cell (Bagri et
tition between asynchronous inputs, synapse elimina-al., 2003) provide insights into how initially exuberant or
tion followed by branch pruning occurs, and the innerva-inaccurate axonal connections are eventually brought
tion pattern becomes strictly segregated so that no twoto heel and transformed into the precise circuitry found
motorneurons synapse onto the same muscle fiber.in the adult. Together, these studies provide important
When an axon loses synaptic contact to a particularclues about the molecular mechanisms underlying the
muscle cell, it develops a swelling at its distal tip, liftsprocess of early nervous system refinement and also
off the muscle surface, and retracts to a branch point.highlight the diversity of axon remodeling processes
Pruning may also play a role in establishing topo-used by different populations of neurons to assume their
graphic maps, as can be seen in the retinotectal system.final patterns of connectivity.
In mature animals, axons from retinal ganglion cells
Exuberant Innervation and Selective
(RGCs) located along the temporal-nasal axis of the
Branch Elimination
retina project topographically to target areas along the
A behavioral response that is appropriate to an environ- anterior-posterior (AP) axis of the tectum (Figure 1B).
ment depends on the establishment of precise neural This pattern arises from a multistep process during de-
circuits, meaning that a neuron must selectively and velopment in which retinal axons first overshoot their
reproducibly connect to targets residing in disparate target and later elaborate interstitial branches at appro-
regions. This type of accuracy results from a combina- priate locations along the AP axis (Nakamura and
tion of processes. First, genetic programs govern the O’Leary, 1989). Eventually, the overshooting axon seg-
primordial pattern of neuronal connectivity through the ments are eliminated, leaving only the correct pattern
actions of a limited set of trophic factors and guidance of connectivity. Possible insight into the mechanism of
cues. Then, refinement processes act to correct initial RGC axon pruning comes from the finding that degener-
inaccuracies by eliminating inappropriate connections ating fibers are present in the tectum at the time when
while preserving appropriate ones. Naturally occurring overshooting axons are being pruned, suggesting that
cell death is one well-known mechanism for refining these distal axon segments might selectively degener-
embryonic connections. However, the creation of com- ate instead of being retracted.
plex patterns of connectivity often requires the pruning These examples demonstrate that pruning occurs in
of only a select subset of the connections initially estab- diverse circumstances and may result from different cell
lished by a neuron. For instance, pruning is utilized dur- biological processes, which raises the question: does
ing development to segregate projections from layer 5 axon pruning involve a common set of cellular and mo-
lecular mechanisms, or are there different mechanisms
involved in different contexts? Further, are these pro-*Correspondence: kolodkin@jhmi.edu (A.L.K.), dkantor@jhmi.edu
(D.B.K.) cesses intrinsic or extrinsic to the axon? Finally, does
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Figure 1. The Ontogeny of Several Different
Neurons that Undergo Developmental
Pruning
Schematics of several examples of axon
pruning during development. Large arrows
indicate developmental progression from
less mature to more mature phenotypes. (A)
Selective branch elimination is responsible
for segregating layer 5 cortical neuron projec-
tions to subcortical targets. (B) Pruning of
overshooting axon segments occurs during
the establishment of topographic projections
from the retina to the tectum. (C) In the Dro-
sophila mushroom bodies,  neurons lose
their dendrites as well as their dorsal and me-
dial axon branches during metamorphic
pruning, while / neurons are not pruned
at all. (D) In the hippocampus, the infrapyra-
midal bundle initially projects far into the CA3
region (small arrow) but is eventually re-
tracted back to the vicinity of the dentate gy-
rus (SPB, superior infrapyramidal bundle).
the physiological process of axon pruning provide any nal segments, and by 18 hr APF much of the axonal
debris has been cleared. Notably, the axon peduncle isinformation about axon degeneration during pathologi-
selectively spared from the pruning process. Observa-cal conditions?
tions using a battery of markers for different cellularPruning through Local Degeneration of Branches
structures revealed that the metamorphic pruning of in the Fly Mushroom Body
neuron axons is not preceded by synapse elimination,During insect metamorphosis, the original larval nervous
but that microtubule disassembly is an early event insystem is not completely dismantled but rather exten-
the pruning process.sively modified, offering an opportunity to dissect the
An important clue about the molecular basis of prun-basis of neuronal remodeling events. Neurons in the
ing comes from the realization by Watts et al. (2003) thatmushroom bodies (MBs), brain structures important for
the morphological changes seen in  neurons duringlearning and memory, provide an example of how re-
metamorphosis morphologically resemble the changesmodeling occurs during metamorphosis (Lee et al.,
seen during Wallerian degeneration, which is a stereo-1999). The MB in the adult can be divided into a cell body
typed series of changes that occurs in vertebrate axonsregion, an adjacent calyx region, an axon peduncle, and
following transection. Although the mechanisms medi-five terminal lobes (Figure 1C). Two types of neurons,
ating Wallerian degeneration of vertebrate axons arecalled , / populate the MBs during larval stages
not known, there have been some suggestions that theand are distinguishable from one another based on when
ubiquitin-proteasome system (UPS) may be involved (forthey are generated and whether or not their axons and
review, see Raff et al., 2002). To assess whether ubiquiti-dendrites are remodeled during development. Before
nation was involved in the process of pruning, Watts etthe midthird instar stage, MB neuroblasts generate only
al. (2003) targeted key steps in the UPS enzyme cas-
 neurons, which during larval stages elaborate a den-
cade. First, when the yeast deubiquitinating proteasedritic arbor into the calyx and then project two axonal
UBP2, a protein which removes covalently attached ubi-
branches from the axon peduncle, one directed dorsally
quitin, is ectopically expressed in  neurons, neither the
and the other directed medially. During metamorphosis, axon branches nor the dendrites are pruned. Second,
 neurons lose their dendritic arbor and their dorsal and mutations in Uba1, a gene encoding the Drosophila E1
medial axonal branches. Once metamorphosis is over, ubiquitin activating enzyme, prevented the proper prun-
these neurons selectively regrow only their dendritic ing of both  neuron axons and dendrites during meta-
arbor and their medial axonal branch. In contrast, the morphosis. Additionally, mutations in two proteasome
axons of the later born / neurons are not altered subunits recapitulated the Uba1 mutant phenotype. Mu-
during metamorphosis. tations in several E2 and E3 ligases, enzymes that func-
To investigate the mechanisms of pruning, Watts et tion together to attach ubiquitin to proteins, did not
al. (2003) examined  neurons selectively labeled with display pruning defects. However, this result is not unex-
a membrane-anchored green fluorescent protein (GFP) pected, since there are a large number of E2s and E3s,
at 2 hr intervals after puparium formation (APF), which and it is likely that only certain combinations of these
marks the onset of metamorphosis. They observed that enzymes are involved in  neuron pruning. Together,
the dorsal and medial axonal branches of the  neuron these results demonstrate that activation of the UPS is
do not simply retract, but rather undergo a dramatic necessary for proper metamorphic pruning of  neurons
process of fragmentation. By 6 hr APF, axon branches and also suggest that pruning may resemble Wallerian
begin to bleb, by 10 hr APF the branches are highly degeneration on both the morphological and molecular
levels.fragmented with no apparent connections between axo-
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Pruning is selective with respect to which types of to join the suprapyramidal bundle. However, examina-
tion of the IPB during development reveals that, in theneurons are affected— neurons undergo extensive
metamorphic pruning, while the / neurons do not. first week of postnatal life, this bundle is quite long,
projecting up to two-thirds of the length of the CA3. ItOne insight into how this selectivity is achieved comes
from previous work demonstrating a cell-autonomous is only later between postnatal day 20 (P20) and P30
that the IPB assumes its shorter adult length.requirement for the ecdysone receptor for correct prun-
ing of  neurons (Lee et al., 2000). When the ecdysone In Plexin-A3 or Neuropilin-2 mutant mice, the IPB re-
mains extended even into adult life, suggesting that thisreceptor is functionally inactivated in  neurons, meta-
morphic pruning no longer occurs and the dorsal axonal receptor complex along with class 3 semaphorins are
playing a role in the shortening of the IPB. Indeed, whilebranch is retained into adulthood. Further, it was shown
that key subunits of the ecdysone receptor are ex- Sema3F transcript is dramatically downregulated at
P10, expression increases again around P20 in a dis-pressed in  neurons, but not / neurons. These data
suggest that the restricted expression of EcR subunits crete population of interneurons located in the region
of CA3 traversed by the IPB. This suggests a model inmay account for the selectivity of pruning at the popula-
tion level. It is likely that the UPS is playing a role down- which the onset of Sema3F expression is a critical event
triggering the retraction of the IPB by interacting withstream from the ecdysone receptor, because the levels
of this receptor are unchanged following overexpression the neuropilin-2/plexinA3 receptor complex. Consistent
with this model, the authors were able to establish thatof UBP2 in  neurons. Where downstream might the
UPS be operating? Although the UPS may play a role Plexin-A3 is required cell-autonomously for the proper
formation of the IPB. Because Plexin-A3 is located onin destroying certain structural components of the axon,
there is ample evidence that this pathway is also capable the X chromosome, crossing Plexin-A3 null mice with
transgenic mice expressing GFP from the X chromo-of exerting more subtle effects, particularly on axon
guidance events. For instance, proteasome inhibitors some resulted in mosaic animals due to X inactivation.
In adult mosaics, wild-type axons in the IPB extendedblock netrin-1 guidance of neuronal growth cones with-
out affecting neurite outgrowth (Campbell and Holt, the normal short distance, while mutant axons are found
distally in the inferior region of the hippocampus. The2001). Thus it is possible that the UPS functions at some
point before the physical destruction of cellular struc- simplest explanation for these data is that Plexin-A3 is
required in granule cell axons for the proper retractiontures, perhaps by degrading proteins which normally
inhibit the pruning machinery. of the IPB. It remains possible that Plexin-A3 may play
other roles in the development of granule cells that couldPruning is also selective at the level of the single
neuron, since the axon peduncle of  neurons is spared result in alterations in IPB morphology. For instance,
semaphorin signaling has been shown to affect dendriticfrom pruning while the dorsal and medial branches are
eliminated. Previous work has shown that factors intrin- morphology, which could in turn affect the physiological
properties of these cells. Since increased activity issic to the cell selectively regulate the stability of specific
axon branches. For instance, the dorsal branch of the known to affect the length of the IPB (Adams et al,
1997), it will be interesting to assess whether PlexinA3-/neurons, but not the medial branch, can be induced
to retract by downregulating p190RhoGAP, a GTPase mediated effects on granule cell physiology contribute
to IPB shortening.activating protein that inhibits the activity of RhoA (Billu-
art et al., 2001). While it is unlikely that p190RhoGAP Hippocampal projections to the septum also undergo
significant remodeling during development (Linke et al.,plays a role in the pruning of  neurons, it is possible that
this factor may play a role in stabilizing axon branches 1995). Initially, axons from nonpyramidal neurons pio-
neer a pathway to the medial septum, followed by axonsduring other types of remodeling events.
A larger issue raised by the removal of specific axon from a small number of pyramidal neurons. Slightly later,
pyramidal cells in the hippocampus send axons both tobranches is how such an event , which is so selective,
is initiated. One possibility is that intrinsic programs the medial and lateral septum, although it is presently
unclear whether the same cell simultaneously projectsgovern selective branch removal. Alternatively, extrinsic
cues may participate in initiating the specific removal to both regions via collateral branches. Later, the hippo-
campal projection to the medial septum decreases,of certain branches.
Pruning through Retraction Initiated by Extrinsic while the projection to the lateral septum expands as
axons grow directly into this region. By early postnatalSignals in the Hippocampus
While there have been huge advances made in identi- life, no pyramidal neurons remain that project to the
medial septum. The earlier population of pyramidal cellsfying the molecules involved in initial axon guidance
events, there has been much less progress in identifying that projected to the medial septum either dies or, had
they sent collaterals both medially and laterally, selec-the molecules involved in pruning. Bagri et al. (2003) now
find evidence that secreted axon guidance molecules tively prunes the axons to the medial septum.
In Plexin-A3 mutant mice, Bagri et al. (2003) observedbelonging to the semaphorin family may also play a role
in the refinement of certain axon pathways. The authors that CA1 pyramidal neurons could be retrogradely la-
beled by DiI crystals placed in the medial septum atexamined the development of mossy fibers, which are
the main excitatory input from the dentate gyrus to the time points long after the period when this projection
would normally disappear. This suggests that in adulthippocampus. Mossy fibers project from dentate gran-
ule cells in one of two distinct tracts, the supra- or Plexin-A3 mutant mice, CA1 pyramidal neurons aber-
rantly project to the medial septum. Further, mosaicinfrapyramidal bundle (IPB) (Figure 1D). In the adult
mouse, axons in the IPB project in the layer below CA3 analysis revealed that Plexin-A3 is required cell-autono-
mously in this process. Because this phenotype is notpyramidal cells for only a short distance before turning
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seen in Neuropilin-2 null mice, it is likely that another to subcortical targets are properly pruned in Plexin-A3
null mice, while certain remodeling events in the hippo-semaphorin, aside from Sema3F, is involved. Indeed,
Sema3A transcript is upregulated in the medial septum campus are defective. The observation that semapho-
rins may be involved in initiating axon pruning eventsat early postnatal time points.
The authors provide direct evidence that secreted as well as axon guidance events raises the possibility
that other guidance molecules may similarly play a roleclass 3 semaphorins can induce retraction of axons in
cultured hippocampal neurons. Given the role of in pruning. It has already been shown that prolonged
application of A class ephrins results in the pruning ofSema3A as a repulsive guidance cue, one might predict
that application of Sema3A would lead simply to col- hippocampal neuron axons in culture. In this light, it
is possible that the phenotype seen in the Ephrin-A2/lapse of hippocampal neuron growth cones. Instead,
application of Sema3A to CA1 explants caused these Ephrin-A5 double knockout mouse, in which RGC axons
form ectopic arborizations along the AP axis of the supe-axons to retract. This result is highly reminiscent of the
effect of Sema3A on neurites from basilar pontine neu- rior colliculus, may result from a failure to retract over-
shooting axon segments. Although somewhat unex-rons (Rabacchi et al., 1999). Similar experiments on dis-
sociated neurons revealed that this effect was selective, pected, these observations raise the possibility that
repulsive guidance cues are utilized once during thebecause neurons were seen to retract certain axon
branches, while other branches appeared unaffected. progressive phase of nervous system development
when axon pathways are being established, and thenFurther, neurons from Plexin-A3 null mice showed no
response to Sema3A. again during the regressive phase when these pathways
are refined.One might ask whether pruning mechanisms similar
to those observed in the Drosophila mushroom body Finally, the observation that physiological pruning of
 neuron axons morphologically resembles the patho-neurons also play a role during the retraction of CA1
axons in response to Sema3A. Bagri et al. (2003) care- logical process of Wallerian degeneration and requires
the ubiquitin proteasome pathway suggests the intrigu-fully observed the morphology of axons following the
ing possibility that these two phenomena may be re-addition of Sema3A but found no evidence of blebbing
lated. It will be of interest to determine if directly interfer-or fragmentation in cultured hippocampal neurons. Ad-
ing with the UPS delays axonal degeneration followingditionally, hippocampal sections treated with silver stain
axotomy or other neurodegenerative insults. Studyingto detect signs of degenerating axons during IPB remod-
the mechanisms of pruning will certainly yield importanteling showed no evidence of degenerative mechanisms.
insights into how precise wiring of the nervous system isThis is in striking contrast to both the local degeneration
achieved; however, understanding pruning mechanismsof axonal branches seen in Drosophila  neuron during
also holds the prospect of uncovering new clues aboutmetamorphosis and also to the degeneration of axonal
neurodegenerative disease.branches seen in hippocampal neurons following the
prolonged application of A class ephrins (Gao et al.,
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